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We present self-consistent calculations of the multi-gap structure measured in some Fe-based
superconductors. These materials are known to have structural disorder in real space and a multi-
gap structure due to the 3d Fe-orbitals contributing to a complex Fermi surface topology with hole
and electron pockets. Different experiments identify three s-wave like superconducting gaps with a
single critical temperature (Tc). We investigate the temperature dependence of these gaps by a multi-
band Bogoliubov-deGennes theory at different pockets in the presence of effective hybridizations
between some bands and an attractive temperature dependent intra-band interaction. We show
that this approach reproduces the three observed gaps and single Tc in different compounds of
Ba1−xKxFe2As2, providing some insights on the inter-band interactions.
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I. INTRODUCTION
First principle band theory calculations, such as local
density approximation (LDA) [1–3] on Ba1−xKxFe2As2,
predicted five bands of the Fe 3d orbitals across the Fermi
surface (FS) forming three hole-like FSs centered at the
zone center and two electron-like FSs centered at the
zone corner. This Fe-based superconductor (FeSC) re-
vealed to be a highly complex high critical temperature
(Tc) superconducting (SC) material with multi-band and
multi-gap structure [4]. Furthermore, it also possess an
unusual anisotropy in the ab-plane resistivity [5–7] just
above Tc, possibly related to an electronic phase separa-
tion transition [8] or a nematic phase [9].
Experiments such as angle-resolved photoemission
spectroscopy (ARPES) [4, 10, 11], point-contact Andreev
reflection spectroscopy (PCAR) [12–14] and muon-spin
rotation (µSR) [15] identify two or more nodeless s-wave
like SC gaps. Here we want to address the classical
ARPES experiment that identified nearly two coincid-
ing gap structures in the α and γ, and another one in
the large β pocket of Ba1−xKxFe2As2 with Tc = 38 K
[4, 16]. Differently than PCAR, ARPES is able to con-
nect the gaps with the pockets or bands in the Brillouin
zone.
Earlier it was predicted by Suhl et al [17] that for the
case in which two different bands develop SC gaps with
different values, and in the absence of interband interac-
tion, two Tc’s exist. A small amount of interband scat-
tering makes the two to merge to a single Tc. This result
suggests a clear interaction between the bands forming
the hole and electron pockets in the Ba1−xKxFe2As2 sys-
tem. An additional difficulty to treat this system is the
multi-orbital character of the bands or pockets at the FS
[18] instead of the single structure like the s-d supercon-
ductors [17].
∗ dmockli@if.uff.br
† evandro@if.uff.br
The main point tackled here concerns the k-dependent
hybridization among the multi-bands forming the pock-
ets where SC gaps were measured by ARPES [4, 16].
Since the bands forming the pockets can be model by
two [19] or more orbitals [18], we describe the inter-band
scattering by the hybridization of these orbitals. This
generates a k-dependent interaction arising from a non-
local character of the mixing [20]. In the real calculations
we consider a special case of a local constant multi-orbital
hybridization between the α-β and β-γ pockets, repre-
senting an average over the Brillouin zone.
FIG. 1: The left panel shows the SC gaps on three
non-interacting bands with the same band parameters
of the right panel extracted from [4] and [16]. The big
difference is the inter-band hopping. Bands 1 (red), 2
(blue) and 3 (green) have the same hoppings as the α, β
and γ pockets respectively listed in table I.
II. MULTI-BAND SUPERCONDUCTING
THEORY
As mentioned, LDA calculations [1–3] with the
Ba1−xKxFe2As2 family yielded five multi orbital bands
across the FS. On the other hand, ARPES experiments
[4, 16] measured three s-wave like SC gaps at different
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2pockets with quite different low temperature intensity
and the same Tc. This behavior is likely to occur due to
interband interactions [17]. Thus, we propose the follow-
ing mean field Hamiltonian, with two terms, namely
HMF = Hintra +Hinter, (1)
where Hintra contains the information of the three sepa-
rate hole and electron pockets α, β and γ [4, 16],
Hintra =
∑
i 6=j
∑
ν=α,β,γ
∑
σ
tν(i, j)c
†
νσ(i)cνσ(j)−
∑
i,ν,σ
µ˜ν(i)c
†
νσ(i)cνσ(i) +
∑
ij,ν
[
∆ν(i, j)c
†
ν↑(j)c
†
ν↓(i) + h.c.
]
. (2)
The tν(i, j) are intra-band hoppings between lattice sites
i and j up to second nearest neighbors as derived by the
ARPES band dispersion [16], based on their results and
on the theory of magnetic excitation on a four orbital
model [21]. We introduced a short-hand notation for the
shifted chemical potential µ˜ν(i) = µν(i) − Uν(i)ρν(i)/2,
which includes: the local chemical potential µν(i), the on-
site Coulomb repulsion Uν(i), that due to the mean-field
treatment just enters as a rescaling factor, and the band
charge density ρν(i). The spin index σ assumes either ↑
or ↓, and the creation and annihilation operators obey
the Fermi anti-commutation relation {cµσ(i), c†νσ′(j)} =
δijδµνδσσ′ .
The second term in equation (1) includes the inter-
band contribution along the same lines of the theory de-
veloped by Kishore et al. [22, 23], and Caixeiro et al.
[20], where the hybridization between overlapping bands
near the Fermi surface is approximated by a constant
(representing an average over the Brillouin zone) nearest
neighbour hopping
Hinter =
∑
i6=j
∑
µ6=ν
∑
σ
tµν(i, j) c
†
µσ(i)cνσ(j). (3)
The band density ρν(i) is self-consistently regulated by
adjusting µν(i) until ρν(i) converges to some fixed value.
Due to its local expression this approach can be applied
to cases where there is some degree of disorder in the
electronic density.
The local SC band gap is ∆ν(i, j) =
−V (T )〈cν↓(i)cν↑(j)〉, where 〈· · · 〉 represents a ther-
mal average. V (T ) is a temperature dependent potential
derived from a two-phase separated system. Using a
typical Ginzburg-Landau free energy expansion it is
possible to show that free energy barrier between the two
phases is proportional to (TPS − T )2, where TPS is the
phase separation critical temperature. This approach
has been applied to cuprates and in this case TPS is
associated with the pseudogap temperature T ∗ [24, 25].
As mentioned, there is experimental evidence that the
Ba1−xKxFe2As2 system may also undergo an electronic
phase separation [8] or nematic order [9]. Based on these
observations, we take
V (T ) = −|V0|
(
1− T
TPS
)2
. (4)
The Hamiltonian defined by (1) is diagonalized by the
unitary Bogoliubov transformation
cνσ(i) =
∑
n
(
unν(i)γnσ − sgn(σ)v∗nν(i)γ†n,−σ
)
, (5)
which leads to the multi-band Bogoliubov-deGennes
(BdG) equation
En
[
unµ(i)
vnµ(i)
]
=
∑
j
[∑
ν (tµν(i, j)− µ˜ν(i)δµν) ∆µ(i, j)δµν
∆∗µ(i, j)δµν −
∑
ν
(
t∗µν(i, j) + µ˜ν(i)δµν
)] [unν(j)
vnν(j)
]
, (6)
where tνν ≡ tν in equation (6). The full BdG matrix
has dimension 6N2 × 6N2 in the three-band case, where
N × N is the lattice’s dimension. The positive quasi-
particle excitations {En} are used to self-consistently cal-
culate the temperature dependent local s-wave gap for
each band
∆ν(i) = −Vν(i)
∑
n
unν(i)v
∗
nν(i) tanh
(
En
2kBT
)
, (7)
and the local band density ρν(i) =
∑
σ
〈
c†νσ(i)cνσ(i)
〉
as
ρν(i) = 2
∑
n
(|unν(i)|2fn + |vnν(i)|2(1− fn)) , (8)
where fn is the Fermi distribution of quasi-particles.
Equation (7) allows for the simultaneous determination
of ∆α(T ), ∆β(T ), and ∆γ(T ).
A typical solution of equation (7) with a single constant
attractive potential for all three bands with independent
3band dynamics (no inter-band hoppings) is shown on the
left panel of figure 1. The intra-band hoppings are those
derived from Ding et al [16] that reproduces the three α,
β and γ pockets and are listed in table I.
Notice that lower intra-band hoppings or lower kinetic
energies yield bigger gaps and larger Tc’s. However, as
predicted by Suhl et al. [17] for two bands, non-zero
inter-band hoppings modify the three-gap structure dras-
tically as shown on the right panel of figure 1. The crucial
difference in the second case is a single value for Tc for
all three bands, in accordance with experimental obser-
vations [4, 10–14].
III. TEMPERATURE DEPENDENCE OF THE
THREE-GAP STRUCTURE
FIG. 2: On the left panel we show the theoretical BdG
curves compared to PCAR [13, 14] for Ba1−xKxFe2As2
with Tc = 23 K. PCAR identifies two SC bands that
may correspond to the nearly coinciding α and γ pocket
identified by ARPES. On the right panel we show the
BdG curves compared to the three bands from ARPES
[10] for the compound with Tc = 32 K. Reference [10]
only estimates gap values for the β pocket.
Now we apply multi-band BdG theory to model three
compounds of Ba1−xKxFe2As2 with Tc = 23, 32 and 38
K to reproduce the SC gaps measured by different tech-
niques. PCAR techniques [13, 14] find two SC bands,
whereas ARPES [4] detects SC gaps in three bands or
pockets in the Brillouin zone. It is possible that the big-
ger gap observed by PCAR may correspond to the α and
γ bands from ARPES, since they have about the same
intensity.
For each compound we solve a three-band 6N2 × 6N2
BdG matrix in a square lattice with periodic boundary
conditions. Following the LDA calculations [1–3] and the
derived bands by ARPES[16] we can obtain an estima-
tion of the inter-band hoppings shown in the first three
columns of table I. For instance, there is very little over-
lap between and no intersection between α and γ and
so we take tαγ = 0 and larger inter-band hoppings to
reflect band intersections between the α and β and β
TABLE I: First and second nearest neighbour intra tν
and inter-band hoppings tµν in meV used in the present
calculations. Intra-band hoppings were extracted from
ARPES and inter-band hoppings closely agree with
band dispersion [16]. The parameters of this table are
used for all three compound discussed in this paper.
Hoppings (meV) tα tβ tγ tαβ tαγ tβγ
1st 160 13 380 165 0 140
2ond −52 42 80 0 0 0
TABLE II: Phenomenological values of the electronic
phase transition temperature TPS and potential |V0| in
equation (4) used to model Ba1−xKxFe2As2 with
different Tc’s.
Compound Tc (K) TPS (K) |V0| (meV)
Ba0.6K0.4Fe2As2 38 165 −400
Ba1−xKxFe2As2 32 130 −360
Ba1−xKxFe2As2 23 80 −300
and γ pockets [16, 27], which are shown in the last three
columns of table I.
To model the experiment results we perform calcula-
tions with these hoppings listed in table I, used for all
three compounds. The charge distribution in each pocket
(ρα, ρβ , ργ) = (0.192, 0.084, 0.12) are proportional to spe-
cific Fermi areas [27], and Fermi velocities [4, 15]. Even if
the system has a disordered electronic density, the aver-
age gap is the same of that of a homogeneous one with the
same average density. Furthermore, ARPES and PCAR
measure only the average gap.
To obtain the SC gaps of different Ba1−xKxFe2As2
compounds with distinct Tc’s we used the band parame-
ters discussed before and estimate the two-body attrac-
tive potential in equation (4) as listed in table II. The
∆ν(T ) results for the compound with Tc = 23 K is de-
picted on the left panel of figure 2. The coloured solid
lines are the theoretical BdG curves obtained from (7).
We observe that PCAR [13, 14] (black triangles) scales
more closely with the BdG α/γ bands. In the case of the
compound with Tc = 32 K we show also experimental
points from ARPES [10] in comparison to the theoretical
BdG curves on the right panel of figure 2. Experimental
points for the β bands were unavailable and estimated
under 4 meV [10], consistent with the blue β BdG curve.
The results for Ba0.6K0.4Fe2As2 with Tc = 38 K are
shown in figure 3, with all bands (left panel) and with
each band shown separately for clarity. Two different
sets of ARPES points are displayed denoted by ARPES1
referring to [4] and ARPES2 according to [26]. It is in-
teresting to note that the measured band’s correspondent
SC gaps are reproduced by a temperature-dependent at-
tractive potential within a three-band BdG theory. This
is indicated by the grey curves in figure 3, which corre-
spond to the case where a constant potential that gives
4FIG. 3: Temperature dependence of (a) the jointly obtained SC gaps ∆ν(T ) from multi-band BdG theory (solid
lines) in comparison to references [4] (empty points) and [26] (solid points) for Ba0.6K0.4Fe2As2 with Tc = 38 K and
N = 8. We show the three sets of data corresponding to (b) ν = α, (c) ν = β, and (d) ν = γ separately for clarity.
The grey curves correspond to the case of a constant potential, which is included for comparison.
the same ∆ν(T = 0) was used.
Despite the real and k-space complexity of the system,
we obtain a reasonable agreement with the experimental
values, using a single attractive potential (equation (4))
for the three bands for each compound. The misfit of the
experimental points with respect to the theoretical BdG
curves may be due to differences in the tight binding hop-
pings and, more importantly, in the finite size used in the
calculations with respect to the real system. Our matrix
is only 384 × 384 and it is solved by exact diagonaliza-
tion. New calculations using a more powerful method
[28, 29] that allows investigation of much larger arrays
are being presently considered. However, we believe that
the essential properties of these compounds are captured
by the present calculations.
IV. CONCLUSION
We have discussed along the paper the evidence of
electronic disorder complexity in real and k-space of the
Ba1−xKxFe2As2 compounds. A possible electronic phase
separation or a nematic order together with the multi-
orbital band structure make this system quite unusual.
As expected the description to its SC multi-gap proper-
ties is not a simple task, unlike MgB2 with two bands
and two conventional BCS-like gaps [30].
The SC multi-gap structure revealed by ARPES [4, 16]
with three different gaps on distinct locations of the Bril-
louin zone, but with a single Tc, in light of the two band
theory of Suhl et al [17], is an indication of inter-band
interaction or hybridization. This was confirmed by self-
consistent calculations with the BdG theory with inter-
band hoppings. These hoppings describe phenomenolog-
ically the interaction between bands, mediated by the
hybridized iron orbitals.
The anisotropy in real space was also taken into con-
sideration. In analogy with the cuprate superconductors
which displayed many indications of charge disorder,[31,
32] we also use the observed charge disorder or nematic
order as the origin of a two-body attractive pair poten-
tial with a temperature dependence derived from a GL
theory.
We conclude that the multi-band scattering via multi-
orbital hybridizations and in plane charge disorder are
well known important properties of high complexity of
these materials that are essential to quantify the pairing
amplitudes and the overall SC properties.
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